Abstract -In tropical dry and hot forests, flower-visiting bees are able to forage only during the few hours a day with mild temperatures, but they may chose more freely among the plant species to be visited. Therefore, we tested the hypothesis that the overlap in temporal niches should be higher than the overlap in trophic niches among these bees. Between pairs of species (Schoener index), the overlap in trophic niches varied from 0.007 to 0.745, whereas the temporal overlap varied from 0.062 to 0.865. In general, the trophic overlap was low, with 79 % of the species pairs scoring below 30 %, and the temporal overlap varied from moderate to high. At the community level, the observed overlap in trophic niches was higher than expected by chance, both for diet and foraging time. The network analysis confirmed at the community level that bees separate more strongly their trophic (E=0.82) than their temporal niches (E=0.50).
INTRODUCTION
Many ecological studies aimed at understanding the processes that structure natural communities, and recently, several of them have stressed the importance of species interactions (Bascompte and Jordano 2007; Santos et al. 2010) as well as the role of scarcity of food resources (Vasconcelos et al. 2010 ) for community structure. Antagonistic and mutualistic interactions seem to be fundamental in this context; they may result in the formation of subgroups of species with similar requirements that perform similar functions in the community: the guilds (Root 1967; Blondel 2003) . Guilds can be structured in different ways, following two main possibilities: (1) the structure is mediated by competition and, in this case, guilds are expected in sites where resources are limited (Pianka 1980) or (2) the structuration of guilds happens due to convergent use of resources by species with similar ecological requirements (Hairston 1984) .
When competition for food among species of the same guild is strong, a temporal segregation in resource use can attenuate competition and so facilitate coexistence (Hölldobler and Wilson 1990) . Therefore, activity time is another important niche dimension (Pianka 1973) . Studies on niche overlap help us understand better the guild structure of a community. There are several approaches to analyze niche overlap (Wilms et al. 1996; Thomson 2006; Behmer and Joern 2008; Presley et al. 2009 ). Currently, tools from network theory have been used for this task (Bascompte and Jordano 2007; Araújo et al. 2010) . Those tools allow us to evaluate niche overlap not only between pairs of species but also in the community as a whole (see Presley et al. 2009; Santos et al. 2010) .
In the present study, we assessed the overlap in trophic and temporal niches in the guild of flower-visiting bees in a Caatinga area (tropical dry forest). Since Caatinga areas are characterized by extreme abiotic conditions (e.g., semi-arid climate, with high temperature and low relative air humidity), with high temperature variations throughout the day and a dry season with food shortage for flower visitors, we tested the hypothesis that niche overlap among bee species should be determined by a balance between environmental restrictions and competition for food. We expected (1) that temporal niche overlap among species should be high since in tropical semi-arid environments, such as the Caatinga, there are hours a day when extremely high temperatures may limit bee foraging due to overheating (Willmer and Stone 1997) and (2) that trophic niche overlap should be low since competition should be intensified by the high overlap in temporal niches, leading to segregation of trophic niches, so that species may coexist.
MATERIALS AND METHODS
Data on bee-plant interactions were collected in Vale do Rio Paraguaçu, municipality of Castro Alves, state of Bahia, northeastern Brazil (12°45′ S, 39°26′ W). The study area is covered by open shrubby Caatinga vegetation with sparse trees, where part of the natural vegetation has been replaced by pastures. The regional climate is tropical semi-arid.
In each sampling session, two collectors captured bees visiting flowers with entomological nets along a 2-km trail. The collecting time per specimen of the flowering plant was standardized as 5 min (following Sakagami et al. 1967) . The collection of bees and visited plants occurred every 2 weeks, from January 1994 to February 1995. Sampling was carried out from 0500 to 1800 hours, summing up 24 samples, each 13 h long, or 312 h of sampling per collector.
Abundance data for each species of flower-visiting bee were used in the niche overlap analysis. For this analysis, all species with total abundance below ten individuals were removed. Overlap degrees of trophic and temporal niches for each pair of bee species were calculated with the Schoener index (1986) using the
i and h represent the pair of species compared and p ik and p hk are the proportion of individuals of the bee species i and h collected in each plant species k in the trophic niche analysis, or in each sampling period k in the temporal niche analysis, respectively. The value of p ik is calculated as the ratio between the number of individuals of the bee species i and the total number of individuals of this bee species collected in all plant species (trophic niche) or during the whole sampling period (temporal niche). Additionally, we calculated the general overlap degree among all species in the community using the Pianka (1973) and Czechanowski indices (Feinsinger et al. 1981) . To test whether the average overlap values found were higher or lower than expected by chance, we used a Monte Carlo approach (Presley et al. 2009 ). We used the software TimeOverlap and the algorithm Rosario with 10,000 iterations. This algorithm creates randomizations of the original matrix, calculates for each randomized matrix its degree of niche overlap, and then compares the value calculated for the original matrix with the distribution of randomized values. When the value of the real matrix was higher or lower than 95 % of the randomized values (two-tailed test), we considered the degree of niche overlap as significant (α=0.05).
The networks of bee visits to plants and of overlap in activity times were organized as adjacency matrices and represented as bipartite graphs using the package bipartite 1.17 for R (Dormann et al. 2009 ). The degree of dietary specialization was calculated Niche overlap in a flower-visiting bee guild with the E index (Araújo et al. 2008) , which varies from 0 (diets of all species are the same) to 1 (each species has a different diet). This index is based on the aggregation coefficient measured in unipartite networks (Costa et al. 2007 ). To calculate the aggregation coefficient, the original bipartite matrix (i.e., bees and plants) was transformed into a unipartite projection of the bee side, in which the connections are defined by niche overlap (i.e., bees that visit at least one common same plant or bees that forage at the same time), with weights calculated with the Schoener index (Araújo et al. 2008 ). The significance of E was estimated through a Monte Carlo procedure with 1,000 iterations (α=0.05) in the program Dieta (Araújo et al. 2008 ).
RESULTS
Eighty bee species were recorded visiting flowers of 83 native and exotic plant species (Table I) . However, the number of bees and the plants visited varied widely from month to month. The number of bees collected monthly ranged from 2 to 38 species between months, while the number of plants visited varied from 4 to 24 species. (Figure 1 ). Among bees, 34 species were represented by more than ten individuals and, therefore, were included in the analysis. The bees Apis mellifera Linnaeus (n=1,374), Trigona spinipes Fabricius (n=430), and Xylocopa grisescens Lepeletier (n=140) had higher abundance, representing 61 % of the sampled flower visitors. Among plant species, Poincianella pyramidalis (Tul.) L.P. Queiroz (n=486), Portulaca oleracea L. (n=363), and Centratherum punctatum Cass. (n=209) were the most frequently visited and represented 60 % of all visits. The times of highest visit frequency to flowers were 1000-1100, 0900-1000, and 1400-1500 hours, when 557, 426, and 423 visits were recorded, respectively, summing up 41.15 % of all visits.
We analyzed 561 combinations of pairs of species formed with 34 bee species (Table II) . Trophic niche overlap between pairs of bee species (NO ih ), calculated from visit frequencies, varied from 0.007 to 0.745; the highest values were found between Diadasina riparia Ducke and Megachile paulistana Schrottky (NO ih = 0.745) and between Xylocopa carbonaria Smith and Xylocopa cearensis Ducke (NO ih =0.745), whereas the lowest values were recorded for the pairs Gaesischia hyptidis (Ducke) and X. grisescens (NO ih =0.007), and G. hyptidis and Centris aenea Lepeletier (NO ih =0.007; Table II) .
The temporal overlap between pairs of bee species, inferred from the time of capture of each specimen during its visit to a flower, varied from 0.062 to 0.865, with higher average values than in the trophic niche overlap (Table III) . The highest overlap values were observed between Caenonomada unicalcarata (Ducke) and Melipona asilvai Moure (NO ih =0.860) and between Coelioxys simillima Smith and Trigonisca sp. (NO ih =0.820). The lowest overlap values were observed between Bombus morio Swederus and Diadasina paraensis ( D u c k e ) ( N O i h = 0 . 0 6 2 ) a n d b e t w e e n Exomalopsis auropilosa Spinola and Plebeia sp. 1 (NO ih =0.062; Table III ). In general, trophic overlap was low, with 79 % of the pairs exhibiting values below 30 %, whereas temporal overlap varied from moderate to high, with 55 % of the pairs exhibiting values between 30 and 60 %.
Trophic niche overlap at the community level (i.e., among all 34 bee species analyzed) was higher than expected by chance, both for diet and foraging time. The average overlap values estimated with the indices of Pianka (diet axis= 0.26; time axis=0.58) and Czechanowski (diet axis=0.18; time axis=0.49) were significant (both P<0.001). The network analysis showed similar results as we observed that bees separate their niches more strongly in diet (E=0.82, P < 0.001) than in foraging time (E = 0.50, P<0.001; Figures 2 and 3 ).
DISCUSSION/CONCLUSION
In the present study, we observed that flower-visiting bees in our study area separate more strongly their trophic niches than conditions might play an important role in structuring the community of flower-visiting bees. On the other hand, the foraging activity of some bee species may be more strongly influenced by fluctuations in the availability of food resources throughout the day (Stone et al. 1999; Gottlieb et al. 2005) . In a harsh environment such as the Caatinga, where temperature is too high and humidity is too low for bees at some hours of the day, bee species are probably hindered from segregating their foraging times since they have to concentrate their activity at milder hours. Several studies conducted in the Brazilian tropical dry forests have shown that during the dry season, the availability of food resources is very low for insects (Vasconcelos et al. 2010; Santos et al. 2010) . Although 80 bees species were recorded visiting flowers of 83 plant species, on average, only 16 plant species were visited each month. In the peak of the dry season, from June to July, the number of flowering plants visited by bees was very small (ranging from four to nine plant species visited each month). The overlap between pairs of species was lower for the trophic niche (79 % of the pairs exhibiting values below 30 %) than for the temporal niche (45 % of the pairs exhibiting values above 50 %). Our results indicate that bees have developed strategies to attenuate the competition for food, thus allowing their coexistence.
Similar results have been obtained in other studies, with low trophic niche overlap (Schoener's index) among most pairs of bee species in forests (Wilms et al. 1996) and caatingas (Aguiar and Santos 2007) . Therefore, species that coexist in a given locality should be more similar in some features than in others, responding to a balance between food and environmental requirements, as proposed by Liebold (1997) . Our results are also consistent with Gause's (1934) principle of competitive exclusion which states that ecologically similar species that coexist in a given area must differ strongly in at least one dimension of their niches, so they do not exclude each other.
It is interesting that the results of the conventional niche analysis and of the network analysis were very similar, reinforcing our interpretations. Future studies could investigate the biological mechanisms that determine niche overlap among particular pairs of species in order to understand why some species are able to overlap their niches more strongly than others. The codes used for bees are listed in Table I Table III . Temporal niche overlap (NO ih ) between flower-visiting bees in the Caatinga of Castro Alves, northeastern Brazil. Table I .
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